Human skin is morphologically and physiologically different from the skin of other primates. However, the genetic causes underlying human-specific skin characteristics remain unclear. Here, we quantitatively demonstrate that the epidermis and dermis of human skin are significantly thicker than those of three Old World monkey species. In addition, we indicate that the topography of the epidermal basement membrane zone shows a rete ridge in humans but is flat in the Old World monkey species examined. Subsequently, we comprehensively compared gene expression levels between human and nonhuman great ape skin using nextgeneration cDNA sequencing (RNA-Seq). We identified four structural protein genes associated with the epidermal basement membrane zone or elastic fibers in the dermis (COL18A1, LAMB2, CD151, and BGN) that were expressed significantly greater in humans than in nonhuman great apes, suggesting that these differences may be related to the rete ridge and rich elastic fibers present in human skin. The rete ridge may enhance the strength of adhesion between the epidermis and dermis in skin. This ridge, along with a thick epidermis and rich elastic fibers might contribute to the physical strength of human skin with a low amount of hair. To estimate transcriptional regulatory regions for COL18A1, LAMB2, CD151, and BGN, we examined conserved noncoding regions with histone modifications that can activate transcription in skin cells. Human-specific substitutions in these regions, especially those located in binding sites of transcription factors which function in skin, may alter the gene expression patterns and give rise to the human-specific adaptive skin characteristics.
Introduction
Skin is an important organ that is constantly exposed to external environments. It protects the inside of the body from external stresses, such as physical, chemical, and microbial insults. It is likely that skin phenotypes evolved to protect the inside of the body in species adapted to external environments such as terrestrial amniotes, including humans.
Human skin is morphologically and physiologically different from the skin of other primates. The reduced amount of hair (D avid-Barrett and Dunbar 2016) and the high number of sweat glands (Folk and Semken 1991) are examples of human-specific skin characteristics that are not found in other primates such as chimpanzees, gorillas, and orangutans. It has been proposed that these human-specific characteristics allowed for efficient thermoregulation and adaptation to the savannah environment after our human ancestors abandoned the forest (Folk and Semken 1991) .
Skin is generally composed of three layers: the epidermis, dermis, and subcutaneous tissue (Smoller 2009 ). The epidermal basement membrane (BM) zone forms adhesion between the epidermal underside and the dermal upside through anchoring structures (Has and Nystrom 2015) . Until the early 1980s, the histological differences between human and other primate skin were solely reported from a qualitative perspective. For example, the epidermis of human skin is thicker than that of other primates (Montagna 1982 (Montagna , 1985 . In addition, the epidermal underside and dermal upside (the position of the epidermal BM zone) in the furred skin of most nonhuman primates are flat (Montagna 1982) . On the other hand, those in human skin, including those in the hairy skin of the scalp, are strongly sculptured and penetrate each other (Montagna 1982 (Montagna , 1985 , resulting in undulating topography of the epidermal BM zone known as a rete ridge. In the furred skin of chimpanzees and gorillas, the epidermal underside has been reported with inconsistent descriptions; a degree of sculpturing in chimpanzees and gorillas (Montagna 1982) , discrete and moderate sculpturing in chimpanzees (Montagna and Yun 1963) , and a nearly flat topography in gorillas (Ellis and Montagna 1962) . Another striking difference between human and other primate skin is the amount of elastic fibers, which give skin elasticity (Kielty et al. 2002) . Elastic fibers are rich in the human dermis but those in most other primates are not as numerous as humans (Montagna 1982 (Montagna , 1985 . Also in this case, the amount of elastic fibers in the furred skin of chimpanzees and gorillas has not been reported consistently; although it was reported to be similar to the content in humans (Montagna 1982 (Montagna , 1985 , the elastic fibers in the chimpanzee dermis were also described as nowhere numerous (Montagna and Yun 1963) . According to these qualitative studies, a thick epidermis, extensive rete ridge formation, and an abundance of elastic fibers seem to be human-specific skin characteristics. However, to the best of our knowledge, no recent study has quantitatively compared the characteristics of human and other nonhuman primate skin.
It is widely accepted that most of the phenotypic differences observed between closely related species are a result of different quantitative and spatiotemporal expression patterns in functionally relevant genes, rather than amino acid differences in the protein-coding regions of those genes (King and Wilson 1975; Wray 2007; Carroll 2008) . Certain noncoding regions within the genome (e.g., promoters and enhancers) are important for the regulation of gene expression (Lindblad-Toh et al. 2011) . Such transcriptional regulatory regions generally harbor a multitude of binding sites for sequence-specific transcription factors (TFs) that modulate gene expression (Carroll et al. 2013) . From an adaptive standpoint, these regions tend to evolve under functional constraint and are thus more conserved between species than the surrounding nonfunctional noncoding regions (Pennacchio et al. 2006; He et al. 2011) . Transcriptional regulatory regions of a certain gene of interest can separately reside at various positions: immediately 5 0 of the transcription start site, in the adjacent intergenic regions, in the introns of the gene itself or neighboring genes, or/and even in the noncoding regions at considerable distances from the gene (Kleinjan and van Heyningen 2005) . Mutations in transcriptional regulatory regions can change the expression level of the target gene by altering TF-binding affinities (Wittkopp and Kalay 2012) , which plays important roles in phenotypic diversity for morphology, physiology, and behavior between species (Wray 2007) .
Transcription is also regulated by histone modification. In eukaryotic cells, genomic DNA is folded into chromatin, which is composed of nucleosomes and linker DNA (Luger et al. 2012) . Histones comprise core histones (H2A, H2B, H3, and H4) and are wrapped by $147 bp of DNA in nucleosomes (Luger et al. 1997) . Core histones are subjected to posttranslational modifications on various amino acid residues, mostly in their N-terminal tails that extrude from the nucleosomes (Kimura 2013) . Histone modifications, including methylation and acetylation, regulate the structure of chromatin, resulting in changing accessibility of TFs to potential transcriptional binding sites (Kouzarides 2007) . Chromatin state is different between diverse cell types in a multicellular organism and contributes to cell type-specific gene expression patterns in the presence of an essentially identical genome in each cell (Heintzman et al. 2009 ). The active promoters and enhancers of transcribed genes generally possess some specific modifications: mono-, di-, and tri-methylation of histone H3 lysine 4 (represented by H3K4m1, H3K4m2, and H3K4m3, respectively) and acetylation of histone H3 lysine 9 and histone H3 lysine 27 (H3K9ac and H3K27ac, respectively) (Barski et al. 2007; Wang et al. 2008; Karmodiya et al. 2012; Kimura 2013) . Chromatin immunoprecipitation followed by sequencing (ChIP-seq) is used to determine the genome-wide distribution of each histone modification in multiple cell types (Zhou et al. 2011; Consortium 2012) . The output from ChIP-seq allows us to estimate transcriptional regulatory regions in the genome, and ChIP-seq data are widely available in public databases (e.g., Kent et al. 2002) .
The genetic causes that underlie human-specific characteristics, including those in skin, remain poorly understood, although a few cases are known (Enard et al. 2002; Stedman et al. 2004; Prabhakar et al. 2008) . In this study, we quantitatively distinguished histological skin differences between humans and other primates to investigate human-specific characteristics in skin structure. We then comprehensively compared gene expression levels between human and nonhuman great ape (chimpanzee, gorilla, and orangutan) skin using next-generation cDNA sequencing (RNA-Seq). We identified genes with human-specific expression patterns that may be related to human-specific characteristics in skin structure. Finally, we identified possible transcriptional regulatory regions and DNA sequence substitutions likely responsible for the human-specific expression patterns of the genes. Taken together, these analyses may provide insight into the evolution of adaptive human-specific skin characteristics.
Materials and Methods

Skin Specimens
The skin tissue specimens from Pan troglodytes verus, Gorilla gorilla gorilla, and Pongo pygmaeus (n ¼ 3 for each species) (supplementary table S1 
Measurement of Skin Thickness
Digital photographs of dissected skins of anubis baboons (n ¼ 6), Sykes' monkeys (n ¼ 6), vervet monkeys (n ¼ 6), and humans (n ¼ 4) were provided by the Department of Dermatology, Graduate School of Medicine, University of the Ryukyus. Epidermis and dermis thickness was measured at ten sites on dissected skin photographs for each individual using iViewer version 5.5.7 (http://www.pathimaging.jp; last accessed February 8, 2019) . Measurements that were unreliable due to skin condition were discarded. The average values of the ten measurements for epidermis and dermis thickness for each individual were used to calculate the average thickness in the species. We compared the average thickness between humans and each of the three Old World monkey species using a t-test with Bonferroni correction.
RNA Extraction and Sequencing
Total RNA was extracted from skin tissue samples of Pan troglodytes verus, Gorilla gorilla gorilla, and Pongo pygmaeus using TRIzol reagent (Thermo Fisher Scientific, Waltham, MA). Human skin total RNA of five individuals was obtained from commercial sources, and these individuals were not the same as ones used for measurement of skin thickness (total RNA: BioChain, Newark, CA; MVP total RNA, human skin: Agilent Technologies, Santa Clara, CA; supplementary table S1, Supplementary Material online). Skin total RNA was used to construct libraries for high-throughput RNA sequencing using the NEBNext Ultra RNA Library Prep Kit for Illumina (New England Biolabs, Ipswich, MA). Short cDNA sequences were determined from the libraries using the Illumina HiSeq2000 (paired-end, 100 bp) or HiSeq2500 (paired-end, 125 bp) platform.
Comparison of RNA Expression in Skin
The procedure to compare skin RNA expression patterns between humans and nonhuman great apes is shown in supplementary figure S1, Supplementary Material online. Sequenced reads from all libraries were mapped to each of the four reference genome sequences of human, chimpanzee, gorilla, and orangutan (supplementary fig. S1 (Bolstad et al. 2003) . The normalized expression data were checked by boxplot. The normalized expression values of five human individuals were compared with those of nine nonhuman great apes by Baggerley's test (Baggerly et al. 2003) . The genes showing statistically significant differences (P < 0.05, with false discovery rate (FDR) P value correction) in their average normalized RPKM values between humans (n ¼ 5) and nonhuman great apes (n ¼ 9) were extracted in each of four mapping results. The mapping and comparison of normalized RPKM values were conducted using CLC Genomics Workbench (https://www.qiagenbioinformatics.com/; last accessed February 8, 2019). Then, the genes that were common to each of the extracted results were selected as differentially expressed genes between humans and nonhuman great apes.
Inference of Substitutions Responsible for the HumanSpecific Expression Patterns
Noncoding regions that were conserved in nonhuman lineages ( fig. 1 , gray lines) were identified to estimate transcriptional regulatory regions for the four focused genes. The analyzed genomic regions were set to include noncoding regions at both sides of the genes of interest and were 372, 100, 100, and 78 kb in length for the COL18A1, LAMB2, CD151, and BGN genes, respectively, in the human genome (GRCh38). Each of the four genes of interest was located in the center of their respective regions. The genomic sequence alignments of human, chimpanzee, gorilla, orangutan, and rhesus macaque were obtained from Ensembl (https://asia. ensembl.org/index.html; last accessed February 8, 2019). Alignment sites that showed one or more gaps in at least one of the five species were removed.
To identify conserved domains throughout the analyzed genomic regions, a sliding-window analysis was performed using a 120-bp window size and a 4-bp step size (supplementary fig. S2 , Supplementary Material online). For each window, pair-wise nucleotide differences between the sequences of the species were estimated using the JukesCantor model implemented in DnaSP 5.0 (Rozas et al. 2003) . Then, the numbers of substitutions in nonhuman lineages ( fig. 1 , gray lines) for each window were calculated using the Fitch-Margoliash algorithm (Fitch and Margoliash 1967) . For each analyzed genomic sequence alignment, the pair-wise nucleotide divergences between species excluding exonic and unaligned regions and their standard errors were calculated with the Jukes-Cantor model and a bootstrap method (1,000 replicates), respectively, using MEGA 7 (Kumar et al. 2016) . Using the same algorithm, the average expected number of substitutions in nonhuman lineages for a 120-bp region in each analyzed genomic region was calculated using these pair-wise nucleotide divergence values for noncoding sequences. The 120-bp regions with the significantly smaller numbers of substitutions in nonhuman lineages than expected under a Poisson distribution (P < 0.05) were identified as the conserved regions. When multiple conserved regions were continuous, these regions were concatenated into a single conserved region (supplementary fig. S2 , Supplementary Material online).
Subsequently, conserved regions completely overlapping with exonic regions were eliminated by referring to exonic positions in the human genome (University of CaliforniaSanta Cruz Genome Browser [https://genome.ucsc.edu; last accessed February 8, 2019] , Human GRCh38/hg38). We then extracted conserved regions harboring human-specific substitutions in noncoding regions.
Next, we selected regions with histone modifications (H3K4m1, H3K4m2, H3K4m3, H3K9ac, and H3K27ac) for active transcription from the conserved regions with humanspecific substitutions identified above. ChIP-seq data for two skin cell strains, the normal human epidermal keratinocytes (NHEK) and normal human dermal fibroblasts from adult skin (NHDF-Ad), in the University of California-Santa Cruz Genome Browser was used. Each gene of interest is expressed in either or both of these skin cell strains (Iivanainen et al. 1995; Saarela, et al. 1998; Li et al. 2013; Has and Nystrom 2015) . The histone modifications around the transcription start sites of neighboring genes are expected to regulate the transcription of those genes, but not the genes of interest. Therefore, conserved regions with such histone modifications were not selected. The humanspecific substitutions in the selected regions were estimated to be the candidate substitutions responsible for the humanspecific expression patterns in the four genes of interest. The ancestral allele frequencies at the candidate substitution loci in human populations were investigated using the 1000 Genomes Project data (phase 3) in Ensembl (https://asia. ensembl.org/index.html; last accessed February 8, 2019).
Evolutionary Analyses and TF-Binding Site Search for the Candidate Substitutions
We assumed that the candidate substitutions most likely to change the gene expression levels of the genes of interest would be 1) in highly conserved 120-bp regions or 2) in conserved 120-bp regions with the larger numbers of substitutions in the human lineage ( fig. 1 , black line). Among the most conserved 120-bp regions for each candidate substitution, regions with the significantly smaller numbers of substitutions in nonhuman lineages than expected (P < 0.01, Poisson distribution) were regarded as matches to condition (1), above. Next, we focused on the conserved 120-bp regions with the largest numbers of substitutions in the human lineage for each candidate substitution. The expected numbers of substitutions in the human lineage in each region were calculated from the numbers of substitutions in nonhuman lineages in the same 120-bp regions, according to the ratio of the numbers of substitutions in nonhuman and the human lineage(s) in each analyzed genomic region. The 120-bp regions with the significantly larger numbers of substitutions in the human lineage than expected (P < 0.05, Poisson distribution) were regarded as matches to condition (2), above.
The 51-bp sequence regions in which each candidate substitution locus was located at the center were screened for TFbinding sites using the JASPAR 2016 database (Mathelier et al. 2016) . We screened two sequences that differed at one base pair in the candidate substitution locus: 1) the human sequence with the human-specific allele and 2) the FIG. 1.-Phylogenetic relationships between human, nonhuman great apes, and rhesus macaque. A phylogenetic tree was constructed using the Neighbor-Joining method and the pair-wise nucleotide divergence of whole genome sequences (Scally et al. 2012) . The scale bar represents 0.005 substitutions per site. The distance on each branch was calculated by the Fitch-Margoliash algorithm (Fitch and Margoliash 1967) using the pair-wise nucleotide divergence.
human sequence with the ancestral allele. Relative scores in the JASPAR database were used to show the similarity with the consensus sequences of TF-binding sites.
Results
Histological Differences in Skin Structure between Humans and Three Old World Monkey Species
To clarify the human-specific characteristics in skin structure, we measured the thickness of the epidermis and dermis in humans and three Old World monkey species, anubis baboons, Sykes' monkeys, and vervet monkeys. The epidermis and dermis were significantly thicker in humans than in the three Old World monkey species (P < 0.05, t-test with Bonferroni correction) ( fig. 2a and b) . We also observed that the epidermal BM zone topography in human skin was undulating (i.e., showed a rete ridge) ( fig. 2c ), whereas that in the three Old World monkey species was flat ( fig. 2d-f ).
Differentially Expressed Genes between Human and Nonhuman Great Ape Skin
To investigate genes associated with human-specific skin characteristics, we identified differentially expressed genes between human and nonhuman great ape skin using RNA-Seq (supplementary fig. S1 , Supplementary Material online). We used total RNA from the skin of five human and nine nonhuman great ape individuals (three individuals each from chimpanzees, gorillas, and orangutans) and sequenced their cDNA transcripts using the Illumina HiSeq platforms. The 25-45 million reads from each sample were mapped to the human reference genome. To avoid a mapping bias caused by genetic divergences between the human reference genome and the mapped reads, we also mapped reads from each sample to the chimpanzee, gorilla, and orangutan reference genomes. Details of mapped read depth for each sample were shown in supplementary table S3, Supplementary Material online. For each of the four mapping results, the expression values (i.e., RPKM values) were calculated for each gene of each sample and subsequently normalized (supplementary fig. S3 , Supplementary Material online). The average normalized RPKM values of five humans were compared with those of nine nonhuman great apes for each gene. The genes that showed statistically significant differences in their average normalized RPKM values (P < 0.05, Baggerley's test with FDR P value correction) were extracted for each of the four mapping results. Finally, we selected the genes that were common to each of the extracted results as differentially expressed genes.
As a result, we extracted 487, 126, 165, and 166 genes (including unannotated genes and pseudogenes) with differential expression from the mapping results using human, chimpanzee, gorilla, and orangutan reference genomes, respectively. Among these genes, 30 genes were common to all mapping results ( fig. 3a-d ). Differential expression of COL18A1 was only detected in mapping to the human reference genome (fig. 3a) ; however, the annotations of COL18A1 in the three nonhuman great ape reference genomes were incomplete, and so the majority of reads could not be mapped to these genomes. Therefore, we selected COL18A1 as a differentially expressed gene between humans and nonhuman great apes. In total, 31 genes were assigned as differentially expressed genes (table 1) . Twenty-five and six genes showed higher and lower expression in humans than nonhuman great apes, respectively. In this study, we focused on structural differences between human and other primate skin, therefore we further analyzed structural protein genes in our differential expression results, namely, BGN, COL18A1, CD151, and LAMB2.
Both COL18A1 and BGN colocalize with other collagen proteins; therefore, we also analyzed the expression of the other collagen genes using the mapping result in the human reference genome. COL18A1 forms collagen XVIII (Marneros and Olsen 2005) , which is a structural component of epidermal BM (Has and Nystrom 2015) . Epidermal BM and its associated anchoring structures include collagens IV, VII, and XVII as well as collagen XVIII in the epidermal BM zone (Has and Nystrom 2015) . All five relatively highly expressed genes (COL4A1, COL4A2, COL7A1, COL17A1, and COL18A1) encoding proteins that form collagens in the epidermal BM zone (average normalized RPKM values for humans or nonhuman great apes !10) showed higher expression in humans than in nonhuman great apes (table 2) . Among them, the expression differences in the two genes, COL17A1 and COL18A1, were statistically significant (P < 0.05, t-test with Bonferroni correction).
BGN binds to collagens I, II, III, VI, and IX (Chen and Birk 2013) and regulates collagen fibrillogenesis in skin (Halper 2014) . All six relatively highly expressed genes (COL1A1, COL1A2, COL3A1, COL6A1, COL6A2, and COL6A3) encoding proteins that form BGN-binding collagens (average normalized RPKM values for humans or nonhuman great apes !10) showed higher expression in humans than in nonhuman great apes (table 2) . Among them, the expression difference in the gene COL6A2 was statistically significant (P < 0.05, ttest with Bonferroni correction).
In the same manner as above, we identified differentially expressed genes in each of nonhuman great ape species with results summarized in supplementary table S4, Supplementary Material online.
Inference of Substitutions Responsible for the HumanSpecific Expression Patterns
We inferred substitutions in transcriptional regulatory regions responsible for the expression differences between humans and nonhuman great apes in the four structural protein genes of interest (i.e., COL18A1, LAMB2, CD151, and BGN).
Transcriptional regulatory regions are expected to be conserved noncoding regions due to functional constraint (Pennacchio et al. 2006; He et al. 2011) . Substitutions responsible for human-specific gene expression patterns are expected to be human-specific among the four primate species. Therefore, we identified regions that 1) were noncoding and conserved in nonhuman lineages ( fig. 1, gray lines) and 2) harbored human-specific substitutions.
The genomic sequence alignments of human, chimpanzee, gorilla, and orangutan were used for this analysis. We hypothesized that the expression patterns of the four genes of interest in the skin of one Old World monkey species, the rhesus macaque (Macaca mulatta), would be similar to those of the three nonhuman great ape species, and included the genomic sequence of Macaca mulatta in the multiple primate sequence alignments to improve detection of conserved regions. We intended to infer transcriptional regulatory regions located at short distance from each gene of interest. In general, transcriptional regulatory regions located at long distance from a target gene of interest are difficult to infer accurately due to the increased possibility that the inferred region is part of the regulatory network of a nontarget neighboring gene. The analyzed genomic regions were set to include intergenic regions adjacent to the genes of interest and to locate target genes in the center of the analyzed region. When adjacent genes were close to the genes of interest (CD151 and LAMB2), we set the analyzed regions as 100 kb to increase the lengths of regions under analysis. As a result, the size of our analyzed genomic regions was 372, 100, 100, and 78 kb in length for COL18A1, LAMB2, CD151, and BGN, respectively.
In our comparative analysis, genetic distances of noncoding regions within the analyzed genomic regions between species were similar to the average divergence based on The numbers of individuals used for measurements are shown under each species name abbreviation. Photographs of hematoxylin-eosin stained histologic skin sections are from H. sapiens (c), P. anubis (d), C. albogularis (e), and Ch. pygerythrus (f). Scale bars are shown in each panel. ep. and d. indicate the epidermis and dermis, respectively. *P < 0.05, **P < 0.01, and ***P < 0.001, t-test with Bonferroni correction. whole genome sequences (Scally et al. 2012) (supplementary  table S5 , Supplementary Material online). We designated regions as conserved if they showed the significantly smaller numbers of substitutions compared with the divergence of the analyzed genomic region (P < 0.05, Poisson distribution). We identified such conserved regions with a 120-bp slidingwindow analysis throughout the analyzed genomic regions. Subsequently, we eliminated conserved regions completely overlapping with exonic regions from the analysis. We then extracted regions harboring human-specific substitutions in noncoding regions from the conserved regions. As a result, the numbers of extracted regions finally obtained were 49, 39, 10, and 32 for COL18A1, LAMB2, CD151, and BGN, respectively (supplementary fig. S4 , Supplementary Material online, black and orange vertical lines).
The activity of a transcriptional regulatory region differs among diverse cell types in a multicellular organism (Heintzman et al. 2009 ). Active promoters and enhancers generally possess specific histone modifications (H3K4m1, H3K4m2, H3K4m3, H3K9ac, and H3K27ac). From our conserved regions with human-specific substitutions, we selected regions with these histone modifications in human skin cells. As a result, the numbers of selected regions were one, six, two, and seven for COL18A1, LAMB2, CD151, and BGN, respectively ( fig. 4 and supplementary  fig. S4 , Supplementary Material online, orange vertical lines). In addition to these regions, we also selected two regions each for COL18A1 and LAMB2. Regions I and II for COL18A1 were near ($2-kb proximity) the histone modifications around the transcription start site of this target gene, making it likely that they regulate the expression of COL18A1 (fig. 4a) . Moreover, these regions showed dimethylation of histone H3 lysine 79 (H3K79m2), which is known to correlate with multiple roles including active transcription (Farooq et al. 2016) . Regions VII and VIII for LAMB2 were near ($2-kb proximity) four histone modifications (H3K4m1, H3K4m2, H3K9ac, and H3K27ac), and in a weak histone modification (H3K4m3) (fig. 4b ). These two regions possessed monomethylation of histone H3 lysine 9 (H3K9m1), which may be associated with active transcription (Barski et al. 2007) , as well as H3K79m2. The selected regions were assumed to be putative transcriptional regulatory regions for each of the genes of interest. Humanspecific substitutions in these regions were regarded as candidate substitutions that would result in human-specific gene expression patterns. In total, the numbers of the candidate substitutions were three, ten, two, and nine for COL18A1, LAMB2, CD151, and BGN, respectively (fig. 4) .
Among the 24 candidate substitution loci for the genes of interest, the ancestral alleles were found at one and two loci for CD151 and LAMB2, respectively, with low frequencies (ancestral allele frequencies: 0.0126 for CD151; 0.0002 and 0.0016 for LAMB2) in human populations, based on data from the 1000 Genomes Project (supplementary table S6, Supplementary Material online). The human-specific alleles at these loci are not fixed completely. However, they could still have a possibility to be responsible for the observed human-specific expression patterns in the genes because the ancestral alleles could remain in low frequencies when the human-specific alleles make a small contribution to the human-specific expression patterns. Therefore, we included these almost-fixed mutations in the candidate substitutions putatively responsible for the human-specific expression patterns. On the other hand, an ancestral allele was found at the candidate substitution locus in COL18A1 region I with high frequency (ancestral allele frequency: 0.683). This mutation was thus removed from the list of candidate substitutions putatively responsible for the human-specific gene expression patterns. The expression changes of the genes of interest in the human lineage may be attributable to the independent or combined effects of these candidate substitutions. The positions of the putative transcriptional regulatory regions and the candidate substitutions within those regions in the human genome are shown in supplementary table S6, Supplementary Material online. We further explored the possibility that these candidate substitutions change the gene expression levels by using two independent evolutionary analyses. We focused on conserved 120-bp regions (P < 0.05, Poisson distribution) where each candidate substitution was located. First, we assumed that regions conserved more in nonhuman lineages (P < 0.01, Poisson distribution) than the other regions (0.01 P < 0.05, Poisson distribution) were likely to have a role in gene expression regulation. Among the most conserved 120-bp regions for each candidate substitution, three and two regions for BGN and LAMB2, respectively, matched with this condition. They contained four and two candidate substitutions for BGN and LAMB2, respectively (table 3, bold letters). Second, we assumed that the conserved 120-bp regions with the significantly larger numbers of substitutions in the human lineage than expected from the numbers of substitutions in nonhuman lineages in the same 120-bp regions (P < 0.05, Poisson distribution) are likely to change their functions in gene expression regulation. Among the conserved 120-bp regions with the largest numbers of substitutions in the human lineage for each candidate substitution, two regions for each of BGN and CD151 and three regions for LAMB2 had the significantly larger numbers of substitutions (two or three substitutions) in the human lineage. They contained four, two, and four candidate substitutions for BGN, CD151, and LAMB2, respectively (table 3, bold letters). We hypothesize that the candidate substitutions in the conserved 120-bp regions indicated by these two evolutionary analyses have a high likelihood of changing target gene expression.
In addition to the evolutionary analyses above, we searched for TF-binding sites that contain each candidate substitution locus. Candidate substitutions in TF-binding sites have a high likelihood of changing target gene expression levels. Searching for TF-binding sites showed that all of the candidate substitutions were located in TF-binding sites (supplementary table S7, Supplementary Material online). Especially, one, six, two, and five candidate substitutions for COL18A1, LAMB2, CD151, and BGN, respectively, were in binding sites of TFs that are reported to function in skin and were also expressed based on our RNA-Seq analyses (average normalized RPKM values for humans and nonhuman great apes !1 in the mapping result of the human reference genome) (table 4). The candidate substitutions from the In mapping to the human reference genome.
b NH great apes: nonhuman great apes. *P < 0.05, **P < 0.01, and ***P < 0.001, t-test with Bonferroni correction.
ancestral alleles to the human-specific alleles changed the similarity with the consensus sequences of binding sites for such TFs associated with skin function (table 4) . However, without further experimentation, it remains difficult to infer whether these differences in similarity values would affect the TF-binding affinities.
Discussion
The Identification of Human-Specific Gene Expression Patterns That May Be Related to Human-Specific Skin Characteristics
More than three decades ago, histological differences between human and other primate skin were qualitatively described (Montagna 1982 (Montagna , 1985 . However, to the best of our knowledge, there is no report that quantifies the differences in skin structure between humans and other primates. In this study, we quantified two of the primary skin differences between humans and three Old World monkey species. As for these Old World monkey species, anubis baboons are larger than both Sykes' monkeys and vervet monkeys (Strasser 1992; Smith and Jungers 1997; Sandel 2013) and are the largest primates in the savannah ecosystem where the early hominin species with a large body size had evolved (McHenry 1994) . Because the effect of body mass on immune system evolution was reported (Semple et al. 2002) , the skin tissue samples of the three Old World monkey species were originally collected for a different study related to body mass. In the present study, and BGN, we also referred to the NHEK strain, in which the genes are also expressed (supplementary fig. S4b and d, Supplementary Material online) . The red arrowheads indicate the numbers of the candidate substitutions located in each putative transcriptional regulatory region. A substitution in COL18A1 region I was later removed from the candidate substitutions because of the high ancestral allele frequency in the locus.
we used these skin samples to examine skin differences between humans and nonhuman primates. One of the primary skin differences is that the epidermis and dermis in human skin are significantly thicker than those of the three Old World monkey species investigated. The other difference is that the epidermal BM zone topography shows a rete ridge in humans but is flat in the three Old World monkey species.
To definitively clarify the human-specific characteristics in skin structure, it would be logical to compare human skin with closely related species. However, we could not investigate the histological traits in nonhuman great ape skin due to the absence of dissected skin digital photographs. Previous studies report that the epidermis in humans is thicker than that in other primates including nonhuman great apes, although without quantitative analysis (Montagna 1982 (Montagna , 1985 . In most nonhuman primates, the epidermal underside (the position of the epidermal BM zone) of the furred skin is described as flat (Montagna 1982) . Those in chimpanzees and gorillas are reported with inconsistent descriptions; a degree of sculpturing (Montagna 1982) , discrete and moderate sculpturing (Montagna and Yun 1963) , and a nearly flat topography (Ellis and Montagna 1962) . Thus, it is assumed that the thicker epidermis and strongly sculptured epidermal underside (i.e., rete ridge) may be human-specific skin characteristics. To fully clarify these points, additional quantitative comparisons between human and nonhuman great ape skin are required.
Based on our RNA-Seq analyses, expression levels of 25 and 6 genes in skin were found to be significantly higher and lower in humans than in nonhuman great apes, respectively. Four of them (COL18A1, LAMB2, CD151, and BGN) encode structural proteins and showed higher expression in humans, suggesting the possibility that the expression changes of these genes influence human skin structure.
COL18A1, LAMB2, and CD151 are genes that encode proteins structurally associated with the epidermal BM zone. Epidermal BM and its associated anchoring structures contain collagens IV, VII, XVII, and XVIII as their structural components (Has and Nystrom 2015) , and COL18A1 forms collagen XVIII (Marneros and Olsen 2005) . The gene encoding protein that form collagen XVII (COL17A1) also showed significantly higher expression levels in humans. Mice lacking COL18A1 have a broadened epidermal BM (Utriainen et al. 2004) , and a patient with a known mutant COL17A1 gene exhibits junctional epidermolysis bullosa (McGrath et al. 1996) . Both of these observations indicate a structural role of these genes in epidermal BM zone integrity. LAMB2 is a component of the network structure of laminins in the epidermal BM (Has and Nystrom 2015) . Therefore, it is plausible that the higher expression of COL17A1, COL18A1, and LAMB2 may make structure in the epidermal BM zone in human skin different from that in nonhuman great ape skin, perhaps leading to an undulating epidermal BM zone and the high number of anchoring structures corresponding to the increased adhesive area of rete ridge in human skin.
CD151 functions as an adhesion protein between the epidermis and epidermal BM (Has and Nystrom 2015) . Thus, the higher expression of this gene may contribute to the strong adhesion between the epidermis and epidermal BM in human skin. If the rete ridge is specific to human skin, the higher expression of CD151 could correlate with the increased adhesive area.
BGN is localized to both the epidermis and dermis (Li et al. 2013 ). In the epidermis, BGN is on the cell surface of differentiating keratinocytes of the prickle cell layer (Bianco et al. 1990) . Although the function of this protein in epidermis is unknown, the higher expression of BGN may somehow correlate with the human-specific thicker epidermis. Two substitutions (S1 and S2) were located in the same 120-bp region. *P < 0.05 and ** P < 0.01, Poisson distribution.
BGN is a component of the extracellular matrix in the dermis (Li et al. 2013) . This protein interacts with collagens and regulates collagen fibrillogenesis to make the tensile strength of skin (Halper 2014) . Because BGN interacts with collagens I, II, III, VI, and IX (Chen and Birk 2013) , it was predicted that the expression of the COL genes encoding proteins that form the BGN-binding collagens would also be higher in human skin. The expression of the gene (COL6A2) encoding a protein that forms collagen VI was significantly higher in humans. Thus, the increased expression of BGN and COL6A2 may produce a stronger tensile strength in human skin. Elastic fibers are another component of the extracellular matrix in the dermis (Smoller 2009 ) and give skin elasticity (Kielty et al. 2002) . Elastin is one of the components of elastic fibers (Kielty et al. 2002) , and BGN regulates elastin formation (Reinboth et al. 2002) . It is known that the human dermis is more enriched with elastic fibers compared with most other primates (Montagna 1982 (Montagna , 1985 . The amount of elastic fibers in the furred skin of chimpanzees and gorillas is reported with inconsistent descriptions; similar to the content in humans (Montagna 1982 (Montagna , 1985 and nowhere numerous (Montagna and Yun 1963) . Although the amount of elastic fibers in nonhuman great apes is ambiguous, it is possible that the higher expression of BGN might contribute to the richness of elastic fibers in human skin.
Humans have a low amount of hair on their body compared with other primates, which gives humans a high level of thermoregulation (Folk and Semken 1991) . However, it is believed that human skin has lost the ability to protect the internal tissues from external physical stresses by hair. Rete ridge increases the area where the epidermis and dermis connect compared with flat topography of the epidermal BM zone, which may make strong adhesion between these two layers. The rete ridge, thick epidermis, and rich elastic fibers in skin might contribute to the physical strength of human skin. Actually, it has been proposed that human skin has developed adaptive structural changes that give it strength and resilience (Montagna 1982) . Although additional quantitative The numbers represent the positions within the 51-bp sequences retrieved for the TF search. Each candidate substitution is located at position 26. "f" and "r" indicate TFbinding site on forward and reverse strands, respectively. c This score shows the similarity with the consensus sequence of TF-binding site in the JASPAR database. The score changes by the candidate substitutions from the ancestral alleles to the human-specific alleles are shown. comparison between human and nonhuman great ape skin is required to examine the human-specific skin characteristics, the human-specific expression patterns found in this study may contribute to adaptive skin characteristics specific to humans with a low amount of hair on their body.
As for the differentially expressed genes other than structural protein genes, the comparison of nonstructural traits between human and other primate skin could reveal the correlation between the differential expression of these genes and human-specific characteristics. Among those, late cornified envelope (LCE) genes may function practically in skin. The LCE gene family consists of 18 members subdivided into 6 subgroups, LCE1 to LCE6, based on similarities of amino acid sequences, genomic organization, and patterns of expression (Jackson et al. 2005; Bergboer et al. 2011 ). Among the differentially expressed genes, LCE2A and LCE6A genes, which showed higher expression in humans, are the members of this gene family. LCE6A sequences were intact in humans and nonhuman great apes (human: NM_001128600.1, chimpanzee: XM_003308479.1, gorilla: XM_004026698.1, and orangutan: XM_002810185.1), whereas LCE2A sequence was intact in humans (NM_178428.3) but those were independently pseudogenized by a premature stop codon in chimpanzees (LOC736270), by a frameshift in gorillas (LOC109029453), and by a large deletion in the coding region in orangutans (LOC103891408). The functions of LCE2A and LCE6A proteins were unknown so far.
In humans, LCE2A is expressed in normal healthy skin (Bergboer et al. 2011) , as observed in our RNA-Seq analyses. Upregulation of this gene was induced by high concentration of extracellular calcium, ultraviolet irradiation (Jackson et al. 2005) , and Th17 cytokine stimulation (Niehues et al. 2017) , indicating functional roles of this gene in skin. Thus, only humans retain the functional LCE2A, which might be related to human-specific skin characteristics.
In the LCE gene family, the function of a few members was reported. A deletion of LCE3B and LCE3C is strongly associated with psoriasis (De Cid et al. 2009) , and the deletion is traced back to the ancient Homo lineage (Lin et al. 2015; Pajic et al. 2016) . Recently, the antimicrobial activity against a variety of bacterial taxa was shown in LCE3A, LCE3B, and LCE3C proteins (Niehues et al. 2017) . The LCE2A and LCE6A proteins might also have antimicrobial defensive roles predominant in human skin.
Because humans have a much less hair than nonhuman great apes, it was predicted that the expression of the genes associated with the components of hair would be lower in humans. However, no such gene showed significantly lower expression in humans than in nonhuman great apes based on the present RNA-Seq analyses. Actually, the average normalized RPKM values of hair keratin genes were tens to thousands of fold higher in nonhuman great apes than in humans. However, several nonhuman great ape individuals showed the RPKM values similar to human individuals in those genes, resulting in insignificant differences in expression levels between humans and nonhuman great apes (examples are shown in supplementary table S8, Supplementary Material online). This variation in RPKM values did not depend on differences in sex, age, or body part between nonhuman great ape individuals.
It is conceivable that the genes with human-specific expression patterns found in this study cooperate with other differentially expressed genes to change human skin structure. For example, although significant differences in gene expression were detected only in a few genes, the expression of all the relatively highly expressed genes encoding proteins that form collagens associated with the epidermal BM zone and BGN was higher in humans than in nonhuman great apes. These genes might also contribute to the rete ridge formation and stronger tensile strength in human skin. In this study, we used skin specimens from individuals of different sex and age and from different body parts for RNA-Seq analyses. Therefore, the identified genes were consistently differentially expressed in human skin compared with nonhuman great ape skin, regardless of these differences. In the future, increasing the number of skin specimens and comparing gene expression levels between humans and nonhuman great apes using the skin specimens from individuals of the same condition (e.g., the same sex, age, and body part) would identify other differentially expressed genes specific to that condition. This approach would allow us to further reveal the genetic causes of human-specific skin characteristics.
Inference of Substitutions Possibly Related to HumanSpecific Skin Characteristics
Substitutions in transcriptional regulatory regions can change the expression of their target genes (Wittkopp and Kalay 2012) . We hypothesized that the substitutions responsible for the human-specific expression patterns in the four structural protein genes of interest (COL18A1, LAMB2, CD151, and BGN) were 1) in noncoding regions that were conserved in nonhuman lineages and 2) specific to humans. Conserved regions in nonhuman great ape and rhesus macaque lineages are difficult to find through sequence alignment, as the species are closely related and the sequences are largely identical. Therefore, we utilized a sliding-window analysis to identify regions that exhibited the significantly smaller numbers of substitutions than expected from the divergences of the each analyzed genomic region between the species.
The conserved noncoding regions with human-specific substitutions we identified were taken for the next analysis. We suggested that the human-specific substitutions in those regions with histone modifications for active transcription in skin cells could be the candidate substitutions responsible for the human-specific expression patterns in the genes of interest.
Substitutions changing the expression of target genes in transcriptional regulatory regions generally alter the binding affinities for TFs that modulate the gene expression (Wittkopp and Kalay 2012) . According to the TF-binding site searches, all of the candidate substitution loci were expected to be located in TF-binding sites, suggesting a possibility that the regions containing the candidate substitution loci are associated with gene expression regulation. Expected TFs listed in table 4 are reported to function in skin, and therefore they are likely to regulate the expression of the genes of interest. Comparison in skin injury repair between MSX2 null mutant and wild type mice suggested that MSX2 regulates the cellular competence of keratinocytes and fibroblasts (Yeh et al. 2009 ). Deletion of the PRRX2 gene in mice reduced fetal fibroblast proliferation during wound healing (White et al. 2003) . FOSL2 mutant mice caused skin barrier defects due to reduced expression of epidermal differentiation genes, and ectopic expression of FOSL2 induced expression of those genes (Wurm et al. 2015) . Microarray analysis showed that HOXB2 and SPDEF genes were highly expressed in the regenerating skin during tissue expansion (Yang et al. 2011) . The other three TFs function in skin and are somewhat associated with the genes of interest. Homozygous KLF4 deletion mutant mice lose the skin barrier function (Segre et al. 1999) , and KLF4 accelerated epidermal barrier acquisition (Patel et al. 2006) . KLF4 regulates the expression of some members of the laminin family (Ghaleb and Yang 2017) . The reepithelialization component was reduced during wound healing in SNAI2 null mice (Hudson et al. 2009 ), and SNAI2 is intrinsically linked to CD151 (Yin et al. 2014) . The homozygous deletion of the C-terminal transcriptional activation domain of the Fli1 gene upregulates expression levels of the genes encoding collagens I and III components in mouse skin (Asano et al. 2009 ). These collagens are known to bind to BGN (Chen and Birk 2013) . Their predicted binding sites suggest that KLF4, SNAI2, and FLI1 are likely to regulate the expression of LAMB2, CD151, and BGN, respectively. The candidate substitutions from the ancestral alleles to the human-specific alleles changed the similarity with the consensus sequences of binding sites for the TFs associated with skin function. This result suggests that these substitutions may change the binding affinities for the predicted TFs and may change the expression levels in the genes of interest. In addition, it is likely that the candidate substitutions located in highly conserved regions in nonhuman lineages and in conserved regions with the larger numbers of substitutions in the human lineage than expected would change the expression levels in the genes of interest.
In this study, we suggested that the candidate substitutions in the putative transcriptional regulatory regions may cause the human-specific gene expression patterns that possibly lead to the human-specific characteristics in skin structure. In the future, to examine whether these candidate substitutions are responsible for the expression differences between humans and nonhuman great apes, we will conduct a promoter assay in skin cells using the putative transcriptional regulatory regions with the ancestral alleles and the humanspecific alleles located at the candidate substitution loci. Identifying substitutions that may give humans adaptive skin characteristics through human-specific gene expression patterns will contribute to the understanding of how humanspecific characteristics have been genetically acquired.
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